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Summary  Improvements  in  cardiac  imaging  have  recently  focused  a  great  interest  on  the
right ventricle  (RV).  In  patients  with  congenital  heart  disease,  the  right  ventricle  (RV)  may
support the  systemic  circulation  (systemic  RV).  There  are  2  different  anatomic  conditions  pro-
viding such  physiology:  the  congenitally  corrected  transposition  of  the  great  arteries  (ccTGA)
and the  TGA  surgically  corrected  by  atrial  switch.  During  the  last  decades,  evidence  is  accu-
mulating  that  progressive  systemic  RV  failure  develops  leading  to  considerable  morbidity  and
mortality.  Various  imaging  modalities  have  been  used  to  evaluate  the  systemic  RV,  but  echocar-
diography  is  still  predominantly  used  in  clinical  practice,  allowing  an  anatomic  and  functional
approach  of  the  systemic  RV  function  and  the  potential  associated  anomalies.  The  goal  of  this
review is  to  offer  a  clinical  perspective  of  the  non-invasive  evaluation  of  the  systemic  RV  by
echocardiography.
© 2015  Elsevier  Masson  SAS.  All  rights  reserved.
Abbreviations: 2D, two-dimensional; 2DE-KBR, 2Dechocardiography with 3D knowledge-based reconstruction; 3D, three-dimensional;
cTGA, congenitally corrected transposition of the great arteries; CHD, congenital heart disease; FAC, fractional area change; IVA, isovolumic
yocardial acceleration; LV, left ventricle/ventricular; MRI, magnetic resonance imaging; RT3DE, real-time 3D echocardiography; RV, right
entricle/ventricular; RVEF, right ventricular ejection fraction; SR, strain rate; STE, speckle-tracking echocardiography; TAPSE, tricuspid
nnular plane systolic excursion; TDI, tissue Doppler imaging; TGA, transposition of the great arteries; TR, tricuspid regurgitation.
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Résumé  Les  améliorations  de  l’imagerie  cardiaque  ont  permis  de  se  focaliser  récemment  sur
l’étude du  ventricule  droit.  Chez  certains  patients  porteurs  d’une  cardiopathie  congénitale,  le
ventricule  droit  peut  se  retrouver  en  position  systémique.  C’est  le  cas  des  patients  porteurs
d’une double  discordance  et  patients  porteurs  d’une  transposition  des  gros  vaisseaux  opérés  par
un switch  à  l’étage  atrial.  Durant  les  dernières  décennies,  les  données  scientiﬁques  ont  montré
une dégradation  progressive  du  ventricule  droit  systémique,  qui  est  associée  à  une  morbidité
et une  mortalité  importante.  Différentes  modalités  d’imagerie  ont  été  utilisées  pour  évaluer
le ventricule  droit  systémique  mais  l’échographie  reste  la  méthode  de  choix  dans  l’activité
quotidienne,  permettant  une  analyse  anatomique  et  fonctionnelle.  L’objectif  de  cette  revue
est d’offrir  une  perspective  clinique  de  l’évaluation  non  invasive  du  ventricule  droit  systémique
par échocardiographie.
©  2015  Elsevier  Masson  SAS.  Tous  droits  réservés.
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was  notably  reduced  compared  with  that  of  either  theIntroduction
Improvements  in  cardiac  imaging  have  recently  focused
great  attention  on  the  right  ventricle  (RV),  emphasising  its
importance  in  cardiac  physiology.  The  RV  has  been  studied
in  many  physiopathological  conditions,  such  as  pulmonary
hypertension  and  heart  failure  related  to  left  ventricular
(LV)  dysfunction.
Speciﬁc  congenital  heart  diseases  (CHD)  may  provide  an
original  condition  where  the  RV  is  pumping  through  the  sys-
temic  circulation.  In  these  anatomical  and  haemodynamic
conditions,  the  RV  is  called  systemic  RV  (systemic  meaning
pumping  through  the  systemic  circulation  as  opposed  to  the
pulmonary  circulation).  There  are  two  different  anatomical
conditions  that  provide  such  physiology.
The  ﬁrst  condition  is  congenitally  corrected  transposi-
tion  of  the  great  arteries  (ccTGA),  where  the  left  atrium  is
connected  to  the  RV,  pumping  in  the  aorta,  and  where  the
right  atrium  is  connected  to  the  left  ventricle  (LV),  pump-
ing  in  the  pulmonary  artery  branches.  The  other  condition
is  related  to  atrial  switch,  which  is  the  surgical  treatment
developed  in  the  late  1950s  by  Ake  Senning  [1]  and  in  the
mid-1960s  by  William  Mustard  [2]  for  surgical  correction  of
transposition  of  the  great  arteries  (TGA).  In  terms  of  live
birth  incidence,  TGA  is  the  more  common  condition  (TGA
1:3100  live  births  vs  ccTGA  1:33,000),  but  the  absolute  num-
ber  of  Mustard  and  Senning  patients  is  decreasing  because
atrial  redirection  procedures  for  TGA  were  superseded  by
the  arterial  switch  operation  in  the  1980s.  As  a  consequence,
almost  all  patients  with  TGA  and  atrial  redirection  reach
adulthood.
For  both  populations,  right  ventricular  (RV)  failure  is
an  important  long-term  concern,  leading  to  severe  late
complications  [3—5].  Various  imaging  modalities  have  been
used  to  evaluate  the  systemic  RV,  including  angiography,
radionuclide  imaging  and  magnetic  resonance  imaging
(MRI)  [6].  Nevertheless,  in  clinical  practice,  echocardiog-
raphy  is  still  used  predominantly  for  the  assessment  of  RV
function,  as  it  is  non-invasive,  widely  available,  relatively
inexpensive  and  has  no  adverse  side  effects.  However,
because  of  complex  geometry,  the  assessment  of  systemic
RV  function  by  echocardiography  has  remained  mostly
qualitative.  Advances  in  digital  echocardiography  allow  for
a  more  reﬁned  assessment  of  the  RV,  as  demonstrated  in
patients  with  pulmonary  arterial  hypertension  [7]  and  other
n
h
tlinical  conditions.  These  novel  echocardiography  variables
ay  also  be  valuable  in  the  functional  assessment  of  the
ystemic  RV  [8].  The  goal  of  this  review  is  to  offer  a  clinical
erspective  of  the  non-invasive  evaluation  of  the  systemic
V  by  echocardiography.
chocardiographic assessment of systolic
unction in the systemic RV
hy the RV is different
y  analogy  with  the  LV,  RV  ejection  fraction  (RVEF)  is  consid-
red  to  be  the  marker  of  RV  function.  However,  attempting
o  extend  this  to  the  RV  has  been  problematic.  The  shape
f  the  RV  does  not  allow  the  use  of  geometric  formulae  to
alculate  the  RVEF.  A  range  of  echocardiographic  variables
as  therefore  been  developed  to  evaluate  RV  function  in  the
ubpulmonary  position,  especially  simple  measurements  of
ong-axis  excursion,  giving  rapid  and  unambiguous  results
8—10],  which  has  proven  utility  as  a  measure  of  LV  func-
ion  in  patients  with  coronary  artery  disease,  valve  disease
nd  heart  failure  [11,12].  The  technique  is  equally  straight-
orward  for  the  RV,  and  is  especially  valid  because  most  of
he  RV  myocardial  ﬁbres  are  arranged  longitudinally.  These
ariables  have  been  compared  with  other  methods  of  calcu-
ating  the  RVEF,  especially  cardiac  MRI,  which  is  considered
o  be  the  gold  standard  for  RV  functional  assessment  [13].
ogically,  these  echocardiographic  variables  have  been  used
ubsequently  for  systemic  RV  functional  assessment  (Fig.  1).
asic longitudinal function variables
he  ﬁrst  studies  focused  on  the  analysis  of  longitudinal
yocardial  ﬁbres  using  mainly  tricuspid  annular  plane  sys-
olic  excursion  (TAPSE),  based  on  the  anatomical  hypothesis
hat  the  majority  of  RV  myocardial  ﬁbres  originate  at  the
pex  of  the  heart  and  insert  into  the  right  atrioventricular
unction,  such  that  the  main  bulk  of  the  RV  myocardium
s  composed  of  longitudinally  arranged  ﬁbres  [14]. Der-
ick  et  al.  showed  that  systemic  RV  long-axis  functionormal  subpulmonary  RV  or  the  systemic  LV.  The  authors
ypothesized  that  impaired  systemic  RV  longitudinal  func-
ion  reﬂected  the  response  of  the  longitudinally  arranged
122  X.  Iriart  et  al.
Figure 1. Longitudinal variables commonly used for right ventricular systolic function assessment (panels A—D). A. Tricuspid annular plane
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lystolic excursion (TAPSE) in the lateral apical four-chamber (A4C) v
n the lateral A4C window. C. TDI-derived strain imaging in the A4C
yocardial  ﬁbres  to  chronic  increased  afterload  [8], but
hey  underlined  that  the  systemic  RVEF  could  remain
emarkably  constant  over  long-term  follow-up  [16],  and  that
here  were  no  ‘‘normal’’  RVEF  values  under  these  circum-
tances.  TAPSE  was  further  compared  with  cardiac  MRI  when
he  technique  became  the  gold  standard  for  RVEF  measure-
ent  in  the  early  2000s.  Lissin  et  al.  [15]  showed  rather  good
orrelation  between  TAPSE  and  MRI-based  systemic  RVEF  in  a
mall  cohort  of  patients  with  TGA  and  previous  atrial  switch
rocedure.
asic longitudinal function variables
issue Doppler imaging and tissue
oppler-derived strain and strain-rate imaging
issue  Doppler  imaging  (TDI)  is  an  echocardiographic
echnique  that  uses  Doppler  principles  to  measure  the
elocity  of  myocardial  motion.  TDI  can  be  performed  in
ulsed-wave  and  colour  modes.  Pulsed-wave  TDI  is  used
o  measure  peak  myocardial  velocities,  and  is  particularly
ell  suited  to  the  measurement  of  long-axis  ventricular
otion,  because  the  longitudinally  oriented  endocardial
bres  are  most  parallel  to  the  ultrasound  beam  in  the
pical  views,  and  it  is  a  good  surrogate  measure  of  overall
ongitudinal  RV  contraction  and  relaxation.  Strain  and  strain
ate  (SR)  are  TDI-derived  modalities.  SR  measures  the  rate
f  deformation  of  a  tissue  segment,  and  is  measured  in  s−1.
eak  systolic  SR  represents  the  maximal  rate  of  deformation
n  systole.  Strain  is  obtained  by  integrating  the  magnitude
f  deformation  between  end-diastole  used  as  a  reference
r
a
f
rnd M-mode. B. S’ tissue Doppler imaging (TDI) of the tricuspid ring
. D. Two-dimensional strain imaging in the A4C view.
oint  and  end-systole.  Isovolumic  myocardial  acceleration
IVA)  is  also  a  TDI-based  index  of  contractile  function,  which
as  been  applied  to  RV  function  assessment  because  it
as  shown  experimentally  not  only  to  measure  contractile
unction  accurately,  but  also  to  be  relatively  independent
f  acute  changes  in  ventricular  preload  and  afterload  [16].
ogel  et  al.  conﬁrmed  reduced  systolic  contractile  function
n  the  systemic  RV  of  Mustard  and  Senning  patients.  The
jection  phase  indexes,  S  wave  velocity  and  acceleration,
ere  both  reduced  [17]  compared  with  both  systemic  LV
nd  subpulmonary  RV  in  controls.  Furthermore,  in  a  subset
f  12  patients  with  simultaneous  conductance  catheter
easurements,  IVA  correlated  with  the  change  in  elastance
ssociated  with  dobutamine  stress  [17].  These  data  were
onﬁrmed  in  a  population  of  asymptomatic  patients  with
cTGA  compared  with  subpulmonary  RV  in  normal  patients
ssessed  by  peak  systolic  SR  and  peak  systolic  strain  [18].
Strain  and  SR  imaging  are  useful  for  differentiating  active
nd  passive  movement  of  myocardial  segments,  and  to  quan-
ify  and  evaluate  components  of  myocardial  function,  such
s  longitudinal  myocardial  shortening,  which  are  not  visu-
lly  assessable;  they  allow  comprehensive  assessment  of
yocardial  function,  which  is  of  particular  importance  for
ystemic  RV  assessment,  considering  the  speciﬁc  haemody-
amic  conditions.  However,  TDI-derived  strain  and  SR  have
everal  disadvantages  related  to  angle-dependency  and  the
imited  spatial  resolution  imposed  by  imaging  at  high  tempo-
al  resolution.  Other  disadvantages  of  the  TDI-derived  strain
nd  SR  imaging  techniques  are  the  time-consuming  steps
or  data  acquisition  and  processing  and  the  need  for  expert
eaders.  Taking  into  account  all  of  the  factors  mentioned
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Figure 2. Global variables for right ventricular (RV) systolic function assessment. A. Fractional area change, calculated by dividing the
difference between the RV end-diastolic surface and the RV end-systolic surface in the apical four-chamber view by the RV end-diastolic
surface. B. Right ventricular real time three-dimensional (3D) reconstruction using Tomtec software: top, mesh view; bottom, example
of the stepwise process of RV reconstruction by 3D echocardiography, where the cavity area is optimized in the three orthogonal views
and landmarks are identiﬁed. C. RV knowledge-based reconstruction model with different views enables evaluation of the 3D shape of the
reconstruction.
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above,  it  is  not  surprising  that  TDI-derived  strain  and  SR
measurements  are  not  highly  reproducible  [19],  as  with  IVA,
which  carries  even  higher  variability  [20].  As  a  consequence,
even  if  these  variables  are  very  interesting  in  terms  of  help-
ing  us  to  understand  cardiac  physiology,  their  applicability
in  clinical  practice  remains  to  be  proved.
Speckle-tracking-derived two-dimensional
strain imaging
Speckle-tracking  echocardiography  (STE)  is  a  newer  tech-
nique  for  obtaining  strain  and  SR  measurements,  which
analyses  motion  by  tracking  speckles  (natural  acoustic  mark-
ers)  in  the  two-dimensional  (2D)  ultrasonic  image.  These
markers  (‘‘stable’’  speckles)  within  the  ultrasonic  image  are
tracked  from  frame  to  frame.  Special  software  allows  spatial
and  temporal  image  processing,  with  recognition  and  selec-
tion  of  such  elements  on  ultrasound  images.  The  geometric
shift  of  each  speckle  represents  local  tissue  movement.
By  tracking  these  speckles,  strain  and  SR  can  be  calcu-
lated.  The  advantage  of  this  method  is  that  it  tracks  in
two  dimensions,  along  the  direction  of  the  wall,  not  along
the  ultrasound  beam,  and  thus  is  angle  independent.  STE
requires  only  one  cardiac  cycle  to  be  acquired,  but  strain
g
t
u
snd  SR  data  can  be  obtained  only  with  high-resolution  image
uality  at  a  high  frame  rate.  The  need  for  high  image  qual-
ty  is  a  potential  limitation  to  routine  clinical  applicability
n  all  patients.  STE  was  recently  introduced  for  assessment
f  RV  function  in  patients  with  TGA  [21,22],  in  the  con-
ext  of  TDI-derived  strain  and  SR  imaging,  suggesting  that
eformation-based  variables  may  provide  incremental  prog-
ostic  information  over  standard  variables  in  this  high-risk
opulation.  In  concordance  with  earlier  studies  that  used  TDI
17,18],  it  has  been  reported  that  STE-derived  deformation
ariables  of  the  RV  are  depressed  in  patients  with  TGA  and
trial  switch  (Fig.  2).  A  recent  study  conﬁrmed  these  prelim-
nary  results,  showing  that  systemic  RV  global  longitudinal
train  was  able  to  discriminate  TGA  patients  after  atrial
witch  with  and  without  a  cardiac  MRI  systemic  RVEF  ≥  45%
23].
The  conclusions  of  these  studies  using  advanced  imaging
echnology  agree  with  the  conclusions  of  the  ﬁrst  studies
sing  basic  variables.  Evidently,  though,  there  are  no  clear
‘normal’’  RVEF  values  under  these  circumstances,  and  lon-
itudinal  function  variable  values  are  probably  different  to
hose  applied  to  subpulmonary  RV.  Furthermore,  it  remains
ncertain  whether  altered  markers  of  longitudinal  function
imply  reﬂect  the  chronic  response  of  the  RV  to  its  loading
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onditions.  It  has  been  shown  that  RVEF,  for  example,  can
emain  remarkably  constant  over  long-term  follow-up  [24],
nd  prediction  of  RV  failure  is  difﬁcult.
The  question  of  the  prognostic  value  of  deformation
ariables  of  the  systemic  RV  in  adults  with  TGA  has  been
ecently  addressed  by  Kalogeropoulos  et  al.  [25].  These
uthors  observed  that  RV  global  longitudinal  strain  (with  a
ut-off  of  −10%)  had  the  strongest  association  with  clini-
al  events,  followed  by  RV  global  longitudinal  SR  and  global
arly  diastolic  SR.  A  similar  ﬁnding  was  reported  by  Diller
t  al.  [26],  who  suggested  that  biventricular  2D  longitudi-
al  strain  was  reduced  in  adult  patients  with  systemic  RV,
nd  was  related  to  adverse  clinical  outcome  in  this  setting
with  a  cut-off  value  of  −13.3%,  providing  72%  sensitiv-
ty  and  63%  speciﬁcity  in  identifying  patients  with  adverse
linical  outcome).  Systemic  and  subpulmonary  myocardial
unctions  appear  to  be  inter-related  in  patients  with  TGA,
uggesting  adverse  ventriculoventricular  interaction,  and
he  relationship  between  systemic  and  subpulmonary  ven-
ricular  functions  was  found  to  be  most  pronounced  in
atients  with  ccTGA  and  pulmonary  stenosis.
A  clear  difference  has  to  be  made  between  severe  longi-
udinal  function  impairment  and  mild  impairment.  Indeed,
elated  to  chronic  pressure  overload,  severe  RV  dilatation
nd  hypertrophy  are  observed  in  all  patients,  as  an  adap-
ive  process.  Pettersen  et  al.  [27]  have  shown  that  the
ystemic  RV  contraction  pattern  could  be  shifted  toward
he  LV  contraction  pattern,  with  predominant  circumfer-
ntial  shortening  and  a  relative  decrease  in  longitudinal
hortening.  Based  on  this  theory,  a  mild  decrease  in  longi-
udinal  function  would  be  more  an  adaptive  process  than  a
eal  impairment  of  function.  Recently,  a  cut-off  to  deter-
ine  the  lower  limit  of  normal  longitudinal  function  of
he  systemic  RV  has  been  proposed  [25,26],  and  it  has  to
e  underlined  that  it  differs  from  that  usually  used  for
ubpulmonary  RV.  However,  there  is  no  doubt  that  severe
mpairment  of  longitudinal  2D  strain  is  a  marker  of  global  RV
unction  impairment,  and  could  be  used  a  prognostic  factor
n  serial  quantitative  assessment  [25,26].  This  pathophys-
ological  adaptation  has  also  been  recently  demonstrated
arly  in  life  in  a  patient  with  hypoplastic  left  heart  syndrome
ost-Norwood  stage  1  operation.
Recently,  others  and  we  [28,29]  tried  to  redeﬁne  the  role
f  echocardiography  in  the  functional  assessment  of  the
ystemic  RV  in  clinical  practice.  We  conﬁrmed  an  overall
eak  correlation  of  conventional  echocardiographic  varia-
les  of  systolic  RV  function  in  adult  patients  with  systemic
V  compared  with  cardiac  MRI-derived  RVEF.  For  some  of
he  well-established  conventional  surrogates  of  RV  func-
ion,  such  as  TAPSE  and  myocardial  performance  index,  no
igniﬁcant  correlation  was  found  with  cardiac  MRI  results
n  this  setting  [28,29].  In  contrast  to  the  study  of  Lissin
t  al.  [15],  who  found  a  moderate  correlation  (r  =  0.63)  in
 small  number  of  patients  (n  =  18),  we  did  not  ﬁnd  accep-
able  correlation  between  global  and  longitudinal  functional
ariables  compared  with  MRI.  Our  cohort  was  larger  than
hat  in  the  study  by  Lissin  et  al.,  and  our  population  was
ore  heterogeneous  in  terms  of  anatomical  distribution
etween  complex  and  simple  TGA.  Furthermore,  as  demon-
trated  by  MRI  measurements,  RV  end-diastolic  volume  was
arger  in  our  population,  resulting  in  a  larger  RV  diameter,
hich  can  complicate  echocardiographic  assessment  of  the
g
(
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V.  Our  ﬁndings  were  further  conﬁrmed  by  Khattab  et  al.
29]. The  main  hypothesis  to  explain  the  lack  of  correla-
ion  between  TAPSE  and  MRI-derived  RVEF  is  that  TAPSE
nd  lateral  tricuspid  annular  motion  velocity  are  accurate
or  assessing  systolic  function  in  subpulmonary  RVs,  with
yocytes  predominantly  oriented  and  contracting  in  the
ongitudinal  direction.  Under  these  circumstances,  the  lat-
ral  tricuspid  annular  motion  velocity  and  tricuspid  valve
nnular  systolic  excursion  reﬂect  an  important  aspect  of
he  RV  contraction  pattern.  In  a  subaortic  RV,  however,
ircumferential  wall  shortening  might  be  more  predomi-
ant  than  longitudinal  shortening,  leading  to  a  systemic  RV
ontraction  pattern  that  resembles  the  contraction  pattern
f  an  anatomical  LV  [27].  Thus,  the  measures  of  longitudi-
al  shortening  or  shortening  velocity  might  be  less  likely  to
epresent  global  RV  function  in  a  subaortic  compared  with  a
ubpulmonary  RV,  especially  for  standard  variables  (TAPSE,
ricuspid  annulus  tissue  velocities)  that  reﬂect  mainly  the
ong-axis  function  of  the  laterobasal  RV  free  wall.  Global
TE-longitudinal  has  major  advantages  over  the  above  men-
ioned  variables  because  it  includes  medial  and  apical
egments  of  the  systemic  RV,  and  can  differentiate  between
ctive  and  passive  movement  of  myocardial  segments,  to
etter  quantify  myocardial  longitudinal  shortening.  How-
ver,  it  has  to  be  kept  in  mind  that  RV  deformation  is
urrently  only  assessed  in  the  longitudinal  direction  with
chocardiography,  and  leaves  deformation  in  other  dimen-
ions  undeﬁned.  There  are  very  scarce  data  on  deformation
maging  of  the  systemic  RV  in  the  other  directions  by
chocardiography  [30], but  they  tend  to  conﬁrm  a  shift  from
 longitudinal  to  a  circumferential  contraction  pattern.  The
ain  reasons  for  the  limited  availability  of  this  information
s  the  difﬁculty  in  meaningfully  encompassing  the  retroster-
al  and  dilated  RV  in  the  short-axis  view  in  TGA  patients,
nd  the  rather  poor  reproducibility  previously  reported  for
he  LV.
onventional global variables
he  systemic  RV  is  characterized  by  important  remodelling,
ith  spherical  reconﬁguration  close  to  the  LV  shape,  if  we
xclude  the  RV  outﬂow  tract.  One  of  the  ﬁrst  echocar-
iographic  descriptions  of  systemic  RV  systolic  function
ame  from  adult  patients  with  Mustard  bafﬂe  repair,  using
ethods  of  volume  and  RVEF  estimation  derived  from  LV
easurements  (single-plane  methods  of  ventricular  vol-
me  and  area  estimation  for  RVEF  calculation)  compared
ith  radionucleotide  angiography  [31]. The  correlation  with
ucleotide  angiography  regarding  RVEF  was  relatively  weak,
nd  the  main  problem  identiﬁed  by  the  authors  was  the
ifﬁculty  in  obtaining  complete  border  detection  for  the
ntirety  of  complex  geometric  shape  of  the  RV.  One  must
ote  that  the  system  used  at  that  time  (Hewlett-Packard
onos  2000  echocardiography  system;  Agilent  Technologies,
alo  Alto,  CA,  USA)  was  rudimentary  compared  with  current
ystems.  The  major  improvements  in  ultrasound  techniques
ogether  with  a  better  understanding  of  systemic  RV  remod-
lling  and  mechanics  have  recently  emphasized  the  value  of
lobal  function  variables.  The  use  of  fractional  area  change
FAC)  [23,25,28]  and  even  LV-derived  global  variables,  such
s  Simpson’s  method,  to  assess  global  systolic  function  semi-
uantitatively,  have  been  applied  to  systolic  RV  function
hy  125
Table  1  Cut-offs  for  systolic  right  ventricular  function
variables,  based  on  receiver  operating  characteristic
curve  for  prediction  of  cardiac  magnetic  resonance
imaging-derived  systemic  right  ventricular  ejection  frac-
tion  <  45%  [23,29]  and  Cox  models  for  prediction  of
clinical  events  [25,26].
Variable Cut-off
TAPSE  (mm) <  14  [29]
Pulsed  Doppler  velocity
at  the  annulus  (cm/s)
<  10  [29]
IVA  (m/s2) 1.0 [17]
Systemic  RV  GLS  (%)  >  −10  to  −14.5  [21—23]
FAC  (%)  <  29.5  to  33  [23,29]
3D  RVEF  (%)  <  45  [33]
3D RVEF: three-dimensional right ventricular ejection fraction;
FAC: fractional area change; IVA: isovolumic acceleration;
RV GLS: right ventricular global longitudinal strain; TAPSE:
tricuspid annular plane systolic excursion.
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tQuantiﬁcation  of  systemic  right  ventricle  by  echocardiograp
assessment  [22,28].  FAC  is  measured  in  the  four-chamber
view  (Fig.  2A);  thus,  the  contribution  of  the  RV  outﬂow  tract
to  global  RV  function  is  ignored.  However,  the  circumfer-
ential  and  radial  contraction  pattern  of  the  RV  free  wall
is  incorporated  into  the  analysis  of  ventricular  function.
Khattab  et  al.  [29]  found  that  FAC  had  the  best  sensitiv-
ity  (77%)  for  distinguishing  between  normal  and  reduced  RV
function  among  conventional  variables,  and  was  the  best
variable  after  speckle-tracking  systolic  and  diastolic  varia-
bles  for  predicting  clinical  outcome.  These  results  were
recently  conﬁrmed  by  Lipczynska  et  al.  [23].  FAC  has  also
demonstrated  its  value  in  repaired  tetralogy  of  Fallot  with
a  severely  dilated  subpulmonary  RV  [32].
Advanced global variables
Real time three-dimensional echocardiography
To  overcome  the  problem  of  geometric  assumptions  and
apical  foreshortening,  real-time  three-dimensional  echocar-
diography  (RT3DE)  was  developed,  allowing  the  fast
acquisition  of  a  pyramidal  data  set  that  contains  the  entire
RV  (TomTec  Imaging  Systems  GmbH,  Munich,  Germany).  In
experimental  settings,  this  imaging  modality  was  success-
fully  applied  to  calculate  RV  volume  and  RVEF  in  both
healthy  volunteers  and  paediatric  patients  with  CHD.  A
dedicated  study  has  yet  to  investigate  the  feasibility  and
reproducibility  of  this  technique  for  systemic  RV  volume
and  function  assessment.  We  have  recently  shown  that  in
adult  patients  with  repaired  tetralogy  of  Fallot,  there  was
good  correlation  between  RT3DE  and  MRI  for  RVEF,  but  a
large  underestimation  of  RV  volumes,  especially  in  severely
dilated  subpulmonary  RV,  with  great  difﬁculties  in  encom-
passing  the  entire  RV  in  the  pyramidal  sector  size  [32].  We
can  presume  that  the  same  limitation  would  be  faced  for
systemic  RV  assessment  with  this  technique  (Fig.  2B).
2D echocardiography with 3D
knowledge-based  reconstruction
2D  echocardiography  with  3D  knowledge-based  reconstruc-
tion  (2DE-KBR)  has  also  been  evaluated  in  the  measurement
of  systemic  RV  volumes  and  function  (VentriPoint  Diagnos-
tics  Ltd.,  Seattle,  WA,  USA).  This  imaging  tool  is  based
on  a  piecewise  smooth  subdivision  surface  reconstruction
technology  that  creates  a  ‘‘knowledge  base’’  for  the  RV
using  image  data  acquired  from  combinations  of  views,  and
has  been  validated  against  MRI.  Kutty  et  al.  [33]  recently
reported  on  the  feasibility  of  2DE-KBR  for  the  evaluation
of  the  systemic  RV,  and  showed  the  clinical  feasibility  of
quantifying  systemic  RV  volumes  and  function  in  adolescents
and  young  adults  with  repaired  TGA,  and  good  agreement  of
measurements  with  MRI  (Fig.  2C).  The  different  echocardio-
graphic  modalities  are  summarized  in  Table  1.
Associated features for assessment of
systemic RV functionTricuspid regurgitation
There  are  extensive  data  supporting  the  concept  that  tri-
cuspid  regurgitation  (TR)  is  the  key  driver  of  progressive
S
c
R
vystemic  RV  dysfunction.  Several  studies  have  demonstrated
n  association  between  the  severity  of  TR  and  RV  systolic
ysfunction  [3,5]. By  comparison,  patients  with  isolated
cTGA  with  minimal  TR  might  remain  asymptomatic  with
reserved  ventricular  function  for  decades  [34].  Anatomical
alformations  of  the  tricuspid  valve  are  the  most  com-
on  intracardiac  abnormality  associated  with  ccTGA.  The
ost  frequent  problem  is  an  Ebstein-like  thickening  of  the
hords  that  anchor  the  leaﬂets  to  the  ventricle  [35].  In  other
atients  with  a subaortic  RV  and  more  anatomically  normal
ricuspid  valves,  the  tendency  to  develop  TR  might  relate
o  anatomical  differences  between  the  mitral  and  tricuspid
alves  and  their  subvalvar  apparatus,  affecting  their  relative
bilities  to  withstand  systemic  ventricular  pressures  and  to
aintain  competence  as  the  systemic  ventricle  dilates.  It
s  also  clear  that  tricuspid  valve  function  in  patients  with
cTGA  appears  to  be  adversely  affected  by  surgical  repair  of
ssociated  lesions,  especially  ventricular  septal  defect  clo-
ure,  which  can  create  anatomical  distortion  [34].  In  ccTGA,
he  usual  vicious  circle  occurs  whereby  the  inability  of  the  RV
o  cope  with  signiﬁcant  TR  leads  to  decreased  contractility
nd  annular  dilation  that  in  turn  exacerbate  the  degree  of
R,  but  this  occurs  at  an  accelerated  rate  compared  with  an
natomical  LV  with  similar  degrees  of  mitral  incompetence.
s  a consequence,  careful  monitoring  of  TR  has  to  be  per-
ormed  in  the  longitudinal  follow-up  by  echocardiography.
urthermore,  in  the  setting  of  systolic  function  assessment,
he  change  in  loading  conditions  related  to  chronic  TR  is  an
mportant  feature  to  take  into  account.
ystemic RV dyssynchrony
ntraventricular  dyssynchrony  in  the  setting  of  systemic
V  has  been  studied  using  electromechanical  and  elec-
rosystolic  intraventricular  delay  measurement  by  TDI  and
TE-derived  strain  imaging  [36]. The  presence  of  dyssyn-
hrony  between  the  ventricles  and  within  the  systemic
V  in  patients  with  TGA  after  atrial  redirection  was  pre-
iously  reported  by  Chow  et  al.  [21].  We  found  that
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[26  
entricular  dyssynchrony  was  more  dominantly  present  in
atients  receiving  ventricular  pacing  in  the  non-systemic
i.e.  left)  ventricle  [36].  As  asynchronous  electromechan-
cal  activation  may  be  one  cause  of  RV  dysfunction  [37],
ts  identiﬁcation  should  be  sought  during  echocardiographic
ssessment  of  systemic  RV  function.  Favourable  effects  of
ardiac  resynchronization  therapy  have  been  reported  in  a
mall  series  of  patients  with  TGA  [38],  and  echocardiography
as  a  certain  value  in  the  management  of  the  resynchroniza-
ion,  especially  in  patients  with  a  pacemaker.
ystemic RV ischaemic pattern
V  wall  motion  abnormalities  have  been  described  and
inked  with  a  reduction  in  systolic  function  [39].  The  cause
f  wall  motion  abnormalities  is  not  clear,  but  their  presence
as  been  described  preoperatively  in  TGA  patients  [40],
resumably  resulting  from  preoperative  myocardial  dam-
ge.  Additionally,  it  has  been  demonstrated  using  nuclear
edicine  data  that  resting  and  induced  RV  perfusion  defects
re  related  to  global  function  [41,42].  Lubiszewska  et  al.
41]  demonstrated  that  stress-induced  perfusion  abnormal-
ties  correlated  with  increased  age,  later  repair  and  lower
VEF  and  LVEF.  Li  et  al.  [43]  performed  stress  echocardiogra-
hy  in  TGA  patients  with  atrial  redirection,  and  showed  that
ystemic  RV  function  was  impaired  during  pharmacological
tress  and  was  related  to  limited  exercise  capacity.
valuation of systemic RV diastolic
unction
he  prognosis  and  exercise  capacity  of  patients  with  sys-
emic  RV  and  atrial  redirection  are  not  only  affected  by
ystolic  dysfunction  but  also  by  diastolic  function.  Riech
t  al.  [24]  showed,  using  radionuclide  ventriculography  and
chocardiography,  that  the  abnormal  ﬁlling  of  the  ventri-
les  was  not  only  related  to  impaired  diastolic  properties  of
he  ventricles,  but  was  mainly  because  of  ﬁlling  abnormal-
ties  through  surgical  bafﬂes;  these  decrease  the  capacity
f  the  systemic  venous  atrium  and  diminish  the  ability  of
trial  contraction  to  boost  ventricular  ﬁlling.  This  abnormal
entricular  ﬁlling  seems  to  remain  constant  over  time  [24].
he  ﬁndings  were  in  agreement  with  the  reported  diminu-
ion  of  early  LV  ﬁlling  in  patients  after  atrial  redirection,
ssessed  by  jugular  venous  ﬂow  measurement  using  Doppler
ltrasound  [44].  This  hypothesis  was  further  conﬁrmed  by
oad-independent  indexes  of  ventricular  function  measured
y  a  conductance  catheter  during  dobutamine  infusion,
hich  showed  that  abnormal  stroke  volume  responses  dur-
ng  dobutamine  stress  were  not  explained  by  reduced
hronotropic  or  contractile  responses,  but  were  associated
ith  ﬁxed  ventricular  ﬁlling  rates  [45].
onclusion
lthough  the  functional  status  of  many  adults  with  sys-
emic  RV  is  good,  reduced  exercise  capacity  is  the  norm.
his  ﬁnding  may  relate  to  many  different  factors,  such
s  impaired  systemic  ventricular  function,  TR,  impaired
apacitance  and  conduit  function  of  the  intra-atrial  bafﬂes
[X.  Iriart  et  al.
r  chronotropic  incompetence.  Echocardiography  remains
he  daily-life  imaging  modality  for  systemic  RV  function
ssessment.  Because  of  geometric  changes,  presumed  con-
ractility  pattern  shift  and  retrosternal  position  in  TGA  with
trial  redirection,  conventional  echocardiographic  varia-
les  are  limited  for  RV  function  assessment  compared  with
RI.  Nevertheless,  echocardiography  remains  the  technique
f  reference  for  dyssynchrony  and  TR  assessment.  New
chocardiographic  deformation  imaging  modalities  have
een  proved  to  be  relevant  for  left  heart  disease  prognosis,
nd  seem  promising  for  the  assessment  of  systemic  RV  func-
ion.  To  make  a  valuable  estimation  of  RV  systolic  function
sing  echocardiography,  a  combination  of  multiple  variables
hould  be  performed,  in  association  with  diastolic  function
nd  TR  assessment.
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